We study a covariant quantization of electromagnetic fields by using an operator derived from a constant scalar that can be called modified Lorentz gauge. The quantization can aviod an inconsistency between Lorentz gauge and a commutation relation, which can eliminate the need for introduction of physical state defined by a subsidiary condition and auxiliary field in lagrangian density in the Lorentz gauge. By using this quantization and indefinite metric straightforwardly, all quantum phenomena can be provided without enigmatic and paradoxical "probability interpretation".
I. INTRODUCTION
In quantum theory, some paradoxes have been acknowledged, which are associated with relativity typified by "Schrödinger's cat" and "Einstein, Podolsky and Rosen (EPR)" 1,2 . In order to solve the paradoxes, the author has reported the alternative interpretation for quantum theory utilizing quantum field formalism with unobservable potentials 3 that can be identified as "hidden variables" similar to Aharonov-Bohm effect [4] [5] [6] and rigorous mathematical treatment using tensor form in keeping with the local representation, i. e., consistent with relativity. The interpretation can omit the quantum paradoxes and be applicable to elimination of infinite zero-point energy, spontaneous symmetry breaking, mass acquire mechanism, non-Abelian gauge fields and neutrino oscillation, which can lead to the comprehensive theory.
In addition, the author also shows the existence of the unobservable potentials can explain the quantum eraser and delayed choice experiment [7] [8] [9] [10] , and the interference between photons and the unobservable potentials violates Bell's inequalities [11] [12] [13] [14] in keeping with the local representation, which is consistent with relativity 15 . However, a sensitive mathematical formalism for quantization procedure has not been described in the author's report 3, 15 . In this letter, the covariant quantization procedure of electromagnetic field In Lorentz gauge without subsidiary conditions 16, 17 and auxiliary field is discussed.
II. TRADITIONAL ISSUE IN THE LORENTZ GAUGE
First, we present a general outline of a covariant quantization procedure of electromagnetic field in Lorentz gauge and need for introduction of auxiliary field and physical state defined by a subsidiary condition briefly.
Let consider following Maxwell equations in free space.
where A and φ are vector and scalar potentials respectively. By using four-vector
and ∂ µ = (1/c∂t, 1/∂x, 1/∂y, 1/∂z) ≡ (1/∂x 0 , 1/∂x 1 , 1/∂x 2 , 1/∂x 3 ), we can describe the Maxwell equation as following covariant form.
Where
In order to adopt canonical quantization, the following classical lagrangian density has been introduced.
Indeed the following Euler-Lagrange equation gives Maxwell equation (3).
However using the lagrangian density (5) lead to lack of canonically conjugate variable π 0 .
By contrast, the other canonically conjugate variables π i , i = (1, 2, 3) can be obtained as follows.
Therefore we can not formulate quantum electrodynamics in an explicitly covariant way using the lagrangian density (5) . Then a number of fixing gauge conditions have been introduced. Well-known gauges are Coulomb gauge ∇ · A = 0 and Lorentz gauge ∂ µ A µ = 0. Because Coulomb gauge spoils the explicit covariance due to A 0 = 0, fixing the Lorentz gauge has been examined by using following lagrangian density.
When we use the lagrangian density (9), Maxwell equation in Lorentz gauge can be obtained from Euler-Lagrange equation (6) .
Here the action integral of (5) is as follows.
The second term of the above integral is calculated to be
2 by partial integration. Then the lagrangian density (9) which derives Maxwell equation (10) can be calculated to be following lagrangian density.
The canonically conjugate variables can be obtained by using this lagrangian density as follows .
According to the traditional procedure, we replace the fields with operators and set the following equal-time commutation relations
[
However (14) and (15) derive the following relations.
Hence (16) is inconsistent with Lorentz gauge ∂ µ A µ = 0 as an operator. Then some other lagrangian densities have been proposed. The following lagrangian with auxiliary scalar field B, which is called Nakanishi-Lautrup formalism, will be the most comprehensive form 18 .
Where α is an arbitrarily real parameter. The inconsistency between Lorentz gauge ∂ µ A µ = 0 and (16) can be avoided by using the lagrangian (17), introduction of physical states |phys and a restriction of Lorentz gauge in terms of the physical states defined by a subsidiary condition, i.,e, phys|∂ µ A µ |phys = 0.
III. MODIFIED LORENTZ GAUGE
The approach using (17) seems to be an artificially imposed mathematical technique by introducing an unreal physical field B and unphysical man-made mathematical formality called "subsidiary condition". In addition, the approach has been introduced for avoidance of negative norm as premises for "probability interpretation". However the author has been discussed in reference 3,15 that the negative norm is indispensable in real nature (reality) and the "probability interpretation" is not justified in real nature except only for mixed states, i. e., statistical sense.
In this section, we discuss the lagrangian density (12) and Maxwell equation in Lorentz gauge (10) again. It is to be noted that Lorentz gauge is dispensable for deriving (10) . Indeed (10) is derived from lagrangian density (9) or (12) independently of Lorentz gauge. Alternatively the following condition is indispensable from (3).
Hence from Lorentz invariance
This condition (we call this "modified Lorentz gauge") also has the following gauge invariance of (3) by introducing an arbitrary scalar function χ.
Although this replacement has been well known, we can imagine that four-vectors A µ move on the bias vectors ∂ µ χ such as signal components of an operational amplifier in an electric circuit or surface wave of the sea.
By choosing χ = 0, (19) can be obtained repeatedly as follows.
where A µ L and f µ = f µ (x, t) are a general solution of Lorentz gauge, i.e., ∂ µ A µ L = 0, and a linear formula as a function of x, t with ∂ µ f µ = ε respectively. The most common linear formula f µ is the same as a coordinate transformation in form described as follows.
where β is a constant for fixing the appropriate dimension. Therefore
Then we replace the fields and ε with operators, (16) will be satisfied as follows.
whereε in (25) is not a c-number but a q-number (operator).
DISCUSSION
We discuss the validity of (25). The specific form of the operators are unknown. Hence we will show one example of [∂ µ A µ , A] = [ε, A] ≡εA − Aε = 0 in an intuitive manner. The intuitive representation matrices of the annihilation, creation operators (a, a † ) and number states vectors |n will be described as follows respectively.
The operator of four-vector potentials will be intuitively described by using a and a † as follows if we recognize the a and a † are correspond to the Fourier coefficients of the plane wave solution of A.
Whenε = εI, where I is an identity matrix or operator, the operatorε just serve as the constant scalar ε, i. e., [ε, A] = ε[I, A] = ε(IA − AI) = 0. In contrast, here we assume following form,
where Tr(ε) = Σε ii = ε by using the analogy of (24). We have set all the off-diagonal elements to 0 for simplicity. Therefore we can calculate
Hence if at least one ε ii (i > 0) satisfies ε ii = ε i±1i±1 then [ε, A] = 0. Note that we should investigate whether the operatorε derived from a constant scalar (24) can be described as (29) instead of εI. If the description is valid, Lorentz gauge might also satisfies the commutation relations (16) with Tr(0) = Σ0 ii = 0 where0 ≡ ∂ µ A µ (x, t) as an operator and each0
ii is not necessarily 0. Because the dimension of the representation matrices will be infinity, then Tr(0) or Tr(ε) will be a kind of delta function. Because it seems to be physically unnatural that A µ is directly proportional to coordinate values like (22), applying Lorentz gauge is preferable to applying (19) if the description is valid.
IV. CONCLUSIONS
We have presented a considerable potential for resolving the difficulty raised in a covariant quantization of electromagnetic fields in Lorentz gauge by studying the operators derived from constant scalar. The presented quantization procedure does not need subsidiary condition, physical states and auxiliary field, which seems to be physically unnatural. If the description discussed in this paper by using the constant scalar operator is valid, we can consider Lorentz gauge becomes ∂ µ A µ = 0 as an operator. Therefore Lorentz gauge can be used without inconsistency between Lorentz gauge and commutation relation.
